The authors experimentally demonstrate strong light confinement and enhancement of emission at 1.54 m in planar silicon-on-insulator waveguides containing a thin layer ͑slot͒ of SiO 2 with Er 3+ doped Si nanoclusters. Angle-resolved attenuated total reflectance is used to excite the slab guided modes, giving a direct evidence of the strong confinement of the electric field in the low-index active material for the fundamental transverse-magnetic mode. By measuring the guided photoluminescence from the cleaved-edge of the sample, the authors observe a more than fivefold enhancement of emission for the transverse-magnetic mode over the transverse-electric one. These results show that Si-based slot waveguides could be important as starting templates for the realization of Si-compatible active optical devices.
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The ability to guide and confine light in nanometer-size spatial regions is essential for the development of highly integrated multifunctional optoelectronic devices. In this respect, silicon-on-insulator ͑SOI͒ optical waveguides have been recognized as very promising systems due to their high index contrast, which allows to guide, bend, and confine light very efficiently by means of total internal reflection while keeping low propagation losses and full compatibility with complementary metal oxide semiconductor technology.
1,2 More recently, a novel structure for guiding and confining light in nanometer-size low-index regions has been proposed and realized. 3, 4 This system, called slot waveguide, consists in a very thin slot of a low-index material ͑few tens of nanometer thick͒ embedded between two highindex material regions, which form the core of an optical waveguide. In this configuration the waveguiding/confining mechanism exploits the discontinuity of the normal component of the electric field which develops at the high-indexcontrast interfaces of the slot. The ability of slot waveguides to strongly concentrate the electromagnetic field within very narrow spatial regions ͑Ӷ͒ makes them attractive systems for enhancing radiation-matter interaction. Very recently, several optoelectronic devices incorporating an optically active material in a slot waveguide geometry have been proposed theoretically. 5 In this letter we report on the realization and optical characterization of planar SOI waveguides containing a slot of Er 3+ doped Si nanoclusters ͑nc͒ in a low-index SiO 2 matrix as an active medium. In particular, the use of both Er 3+ doped SiO 2 and Si-nc as an active material is very promising. In fact, high emission efficiencies due to the energy transfer between Si-nc and Er 3+ ions 6 together with optical gain 7 and electrical pumping 8 have been observed. We demonstrate the strong confinement properties of these slot waveguides, which lead to enhanced light emission within the thin active layer. Results presented here show that this kind of structures may be usefully employed as building blocks for active photonic devices operating at telecommunication wavelengths.
Planar slot waveguides were fabricated by depositing a core on top of a 1.9-m-thick SiO 2 clad layer thermally grown on a Si substrate. A schematic of the sample cross section is shown in the center of the waveguide core of total thickness d. The core, made of a sequence of Si/ Si-nc: Er: SiO 2 / Si layers, was realized by radio frequency confocal magnetron sputtering. The thin slot layer consists of an Er-doped substoichiometric silicon oxide which was deposited by the cosputtering of three targets, Si, SiO 2 , and Er 2 O 3 . The Si concentration was 37 at. % and the Er content was 3.8ϫ 10 20 cm −3 , as verified by Rutherford backscattering spectrometry. After deposition the films were annealed at 900°C for 1 h in a nitrogen atmosphere in order to induce the separation of the Si and SiO 2 phases, the formation of Si nc, and the activation of the Er 3+ ions. Si-nc have typical dimensions of a few nanometers and are densely distributed in the SiO 2 matrix, yielding an optically homogeneous slot layer with average refractive index n = 1. To excite the guided modes of the slot waveguides, we performed angle-resolved attenuated total reflectance ͑ATR͒ measurements in the spectral range of 0.3-2.4 eV, at a resolution of 0.5 meV, by means of a microreflectometer coupled to a Fourier-transform spectrometer ͑Bruker IFS66s͒. The angle of incidence is varied in the range of 30°-70°with an angular resolution of 0.5°. ATR spectra were measured in the Otto configuration 9 with a high-index hemisphere ͑ZnSe or Si͒ kept at a small distance of ϳ100-200 nm from the sample surface by means of three piezoelectric actuators. 10 This way, the guided modes of the structure can be efficiently excited through evanescent coupling by optimizing the separation distance between the hemisphere and the sample.
Angle-resolved ATR spectra were measured for all the three waveguides. Figure 1͑b͒ shows the spectra obtained for sample S2. Deep and well defined "absorptionlike" resonances are clearly visible and mark the excitation of the guided modes of the slab. By increasing the angle of incidence , the resonances undergo a blueshift in energy as a consequence of the increased parallel wave vector component of the exciting radiation ␤ = ͑ / c͒n prism sin . Notice that the combined use of ZnSe and Si as ATR materials allows the operation over a broad energy-wave-vector range, yielding the excitation of the fundamental as well as the high-order guided modes for both polarizations.
To demonstrate the light confinement properties of the low-index slot layer, we extract the dispersion of the guided modes from ATR spectra. Figure 2 ͑left panels͒ shows the dispersion curves for both the reference waveguide S1 and the two slot waveguides S2 and S3. The energies of ATR resonances are plotted versus the normalized wave vector ␤d for each sample. Experimental data are compared to the dispersion of guided modes calculated by an exact solution of Helmholtz equation with transfer-matrix method. 11, 12 Guided modes are separated according to the field orientation with respect to the plane of incidence, i.e., TE modes ͑electric field perpendicular to the plane͒ and TM modes ͑magnetic field perpendicular to the plane͒. The effect caused by the thin low-index slot is immediately evident by looking at the dispersion curves. While the dispersion of TE modes remains almost unchanged for all samples, a strong modification in the dispersion of the first TM mode ͑TM1͒ is observed for samples S2 and S3 with respect to the reference waveguide S1. As a result, the TM1 mode is substantially raised in energy relatively to the TE1 mode. This effect is even more pronounced for the thicker slot sample S3, where the TM1 mode eventually crosses the TE2 mode for ␤d ϳ 4.
FIG. 2.
Left panels: measured dispersion of TM ͑full circles͒ and TE ͑open circles͒ waveguide modes as derived from ATR spectra, compared to calculated dispersion ͑solid and dashed lines, respectively͒ for samples S1, S2, and S3. Dotted lines represent the light lines for air, SiO 2 , slot layer, and Si, respectively. Right panels: mode effective indices as derived from ATR measurements, compared to calculated ones. FIG. 3 . Plot of calculated normalized field intensity in the slot waveguide S1 for ͑a͒ TE1 and TM1 modes at 0.8 eV and ͑b͒ TE2 and TM2 modes at 1.5 eV. Waveguide refractive index profile is also shown.
From the dispersion of the guided modes, we evaluate the modal effective index as n eff = ␤c / , as reported in Fig. 2 ͑right panels͒. This is an important parameter because it reflects the degree of confinement for each mode. It is clearly seen that the slot of low-index material strongly reduces the effective index of the TM1 mode. For instance, we observe that n eff at 0.8 eV for the TM1 mode decreases from 2.35 to 1.83 when going from the reference sample S1 to the slot waveguide S2. This demonstrates that for this particular mode the field intensity is strongly concentrated in the slot. It is interesting to notice that confinement effect does not occur for the TM2 mode, i.e., the TM2 effective index is not altered by the presence of the slot. This can be understood by looking at the field distributions. In Figs. 3͑a͒ and 3͑b͒ the normalized field intensities are plotted for the first and second order modes in the case of sample S2. The refractive index profile of the waveguide is also reported. Due to the discontinuity of the normal component of the electric field at the slot interfaces, the TM1 mode is strongly localized in the low-index slot, while the TE1 mode is only slightly affected. On the other hand, the TM2 mode is close to be an odd one ͑the E z component would have a node for a symmetric slab͒ and is almost unaffected by the slot, as observed in the experiments.
The strong field confinement observed for the TM1 mode leads to an increase of the density of electromagnetic states. Therefore, a modification of emission from the active material located inside the slot should also be expected. We measured the guided photoluminescence ͑PL͒ spectra around 1.54 m by exciting the slot waveguide from the top and collecting the light emitted in the guided modes from the cleaved-edge of the sample ͑see scheme in Fig. 4͒ . A 532 nm Nd:YAG ͑yttrium aluminum garnet͒ laser focused to a 50 m spot at a variable distance L from the waveguide edge has been used for the excitation. A high numerical aperture ͑NA= 0.4͒ long working distance ͑WD= 20 mm͒ microscope objective focused on the facet of the sample is used for collection and is coupled to the Bruker spectrometer. The experimental configuration is essentially the shifting excitation spot scheme. 13, 14 In Fig. 4 we show selected polarizationresolved PL spectra obtained for two different values of L.
Spontaneous emission for TM polarization at the peak results to be more than five times higher than for TE polarization, thus pointing to a much stronger field confinement in the slot layer for the TM mode.
The PL intensities are found to decrease exponentially for increasing L and allow to estimate the propagation losses, which are comparable for TE and TM polarizations and close to 55 and 50 cm −1 , respectively. These relatively high values follow from the use of slabs with polycrystalline silicon. Notice that the exponential decay of PL for increasing L also indicates that the measurements are free from coupling artifacts. 13, 14 In order to investigate the role of polarizationdependent losses on the observed PL enhancement, we plot the ratio between TM-and TE-polarized PL, integrated over the emission range, as a function of distance L ͑inset of Fig.  4͒ . The ratio TM/TE increases slowly for increasing L as a result of slightly higher TE losses, but its value remains always higher than 6. This indicates that the observed PL enhancement is only weakly affected by waveguide losses, which are mainly caused by the overlap of the modes with polycrystalline silicon. The polarization dependence of the emission intensity follows instead from the different field confinement of TE1 and TM1 modes in the active layer and constitutes additional evidence, beyond that given by ATR measurements, of the confinement properties of these slot waveguides.
In conclusion, active SOI slot waveguides have been fabricated and characterized by ATR and guided PL spectroscopy. Strong light confinement properties as well as enhanced emission into the fundamental TM mode have been demonstrated. These results are promising for the realization of efficient active Si-based optoelectronic devices such as electrically driven optical amplifiers.
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